Recently determined structures of complexes between homeodomain proteins, their cofactors and DNA have provided new insights into the way pairs of transcription factors can collaborate to select the appropriate target DNA-binding sites during development.
The convergence of multiple DNA-binding factors upon a single gene-control site allows diverse signaling pathways to be integrated to give a critical genetic response. The converging transcription factors may be members of a single superfamily, such as the homeodomain proteins or the nuclear receptors, or from entirely unrelated families. To find out more about these kinds of functional interactions, structural biologists are increasingly applying their techniques to multi-component complexes, in the hope that the critical interactions will thereby be revealed all at once. Recently, two groups have independently determined crystal structures of new ternary complexes involving homeodomain proteins [1, 2] . These structures have proven especially informative in the light of earlier crystallographic studies on pair-wise combinations of homeodomain proteins bound to DNA [3, 4] .
Homeodomain proteins form an extensive family of transcription factors that regulate gene expression in ways that are essential for the development of virtually all animals [5] . The homeodomain element is a conserved, 60-residue sequence and is the DNA-binding part of the proteins in this family. A number of studies have shown that the consensus structure consists of three α helices, where the carboxy-terminal-most helix inserts along the major groove of DNA and an amino-terminal segment contacts the minor groove [5] .
Crystal structures involving the yeast homeodomain protein MATα2 had previously revealed how a homeodomain protein can collaborate with either the related family member MATa1, or the 'MADS box' protein MCM1, to select the DNA sites appropriate for the proteins' function in the regulation of the yeast cell type [3, 4] . The protein-protein contacts observed in these MATα2 complexes were formed by regions of the homeodomain that were ordered only in the assembled complex on DNA, suggesting that the DNA itself plays a critical role in assembling the complexes.
The new studies [1, 2] focused on a subset of the homeodomain protein family known as the homeotic (Hox) proteins. In both vertebrates and invertebrates, Hox proteins play a crucial role in specifying pattern along the anterior-posterior body axis [6] . As gene regulation during development must be tightly controlled both at the spatial and temporal levels, these transcription proteins must exhibit an exquisite degree of specificity for their DNA control sites. Hox proteins alone, like most homeodomain proteins, exhibit little ability in selectively finding their target DNA sequences; they gain the ability to regulate transcription in a precise manner by recruiting other homeodomain proteins. In vertebrates, Hox proteins recruit Pbx1, and in Drosophila Hox proteins recruit the Pbx ortholog Extradenticle (Exd); the proteins cooperatively form heterodimeric complexes bound to target DNA sites [7] . This implies that the Hox proteins make efficient intermolecular contacts with their Pbx1/Exd cofactors, in a way that extends their joint affinity and selectivity for the correct DNA control site.
Our structural understanding of the repertoire of homeodomain interactions has been significantly extended by the recently determined structures of the HoxB1-Pbx1 dimer bound to DNA [1] (Figure 1 ) and of the Drosophila Hox protein Ultrabithorax (Ubx) in its DNA-binding complex with Exd [2] . The structures show a similar set of protein-protein and protein-DNA interactions, as would be expected given the similarity of the protein components. The protein and DNA constructs used were reduced in size, to facilitate the crystallographic analysis, but still allowed cooperative assembly of ternary complexes. The protein parts each included their 'signature elements', however. In the Hox proteins, the signature element is a conserved hexapeptide motif Φ Y/F D/P W M K/R, where Φ is a hydrophobic residue.
The hexapeptide is connected by 18-20 poorly conserved residues to the canonical three-helical homeodomain structure. The signature element in Exd/Pbx1 is a socalled 'TALE' motif -for 'three amino-acid loop extension' -located between the first and second α helices.
The structures clearly reveal why these signature elements punctuate the otherwise conserved homeodomain motif. The TALE element of Exd/Pbx1 helps form an accommodating hydrophobic cavity into which the Hox hexapeptide motif inserts to form the dimer interface. Interestingly, the poorly conserved sequence which connects the hexapeptide to the Hox homeodomain was not found in the electron-density maps produced by either group, perhaps because this region of the protein has a flexible structure and is disordered in the crystal [1, 2] . The flexibility of the connecting loop may be important, perhaps enabling the hexapeptide region to establish alternative interfaces when assembled in other protein complexes or on alternative DNA contol sites.
But how does the DNA control site help recruit the correct pair of homeodomain proteins and facilitate their interactions? The DNA targets of these complexes contain two, side-by-side, four-base-pair half-sites. As expected, each subunit contacts mainly its own DNA site; however, both groups [1, 2] also observed a surprising degree of binding overlap between the two proteins. By having the subunits positioned adjacently on the DNA, the TALE and the hexapeptide motifs are able to 'lock-in' to form the necessary dimer interface. The linking of subunits by dimerization produces a single, extended DNA-binding surface which is more effective than two, uncoupled binding events could be.
As both sets of authors [1, 2] point out, the fact that the subunits of these dimeric proteins make overlapping interactions with the DNA increases the cooperativity of complex assembly. The binding of one protein can reduce the conformational flexibility at the adjacent site, prepaying some of the entropy costs associated with tight binding at the second site. Similarly, the binding of one subunit affects the local DNA structure to the advantage of the second subunit. Significant DNA bending in both the MATα2-MCM1 complex and the MATα2-MATa2 complex appears to bring the proteins into the proper register to facilitate their interactions [3, 4] . In the Ubx-Exd and HoxB1-Pbx1 complexes, however, the DNA structure is only locally altered and the deformations are small; they include a narrowing of the minor groove [1] or two kinks in the DNA [2] .
Similar incestual relationships between transcription factors in the same family are also known to occur in the case of the nuclear receptors [8] . One important member, the 9-cis retinoic acid receptor (RXR), seems particularly adept at playing the role of a promiscuous transcriptional cofactor [8] . Here again, many of the individual members show only a marginal ability to bind DNA and regulate transcription when alone, but gain selectivity when a second member is recruited to the DNA response site. In this family, as in the homeodomain family, structural studies are showing us how allosteric interactions between pairs of transcription factors can form on the target DNA [9, 10] . But why should transcription factors in large superfamilies require the DNA control site to be present before they can form the correct pairwise interactions? Pre-committing transcription factors to dimerization when not bound to DNA may be unfavorable, given that there are more than one hundred members in each of these protein families, and it is not economical to produce all possible combinations of factors ahead of their need. By comparison, there is a great gain in efficiency when the DNA regulatory site itself controls the recruitment of the necessary factors by facilitating their pairwise interactions. Dispatch R457
Figure 1
The structure of the HoxB1-Pbx1 complex [1] . The HoxB1 and Pbx1 proteins are arranged in a head-to-tail fashion along the DNA. Only the side-chains involved in the dimer interface (formed between the TALE sequence of Pbx1 and the hexapeptide sequence of HoxB1) are shown. Dots indicate where the connecting loop between the Hox hexapeptide motif and the conserved homeodomain structure is not visible in the crystal structures. Pbx1 contains an additional (fourth) helix, whose interactions are discussed by Piper et al. [1] .
HoxB1
Hexapeptide motif 
TALE

